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physics goals

extensively, but it will be necessary for us to use the extensive existing material for this phase

to study the next two items.

• An upgraded off axis program with multiple detectors, including a massive liquid argon de-

tector, as Phase-II(option A). There could be various versions of Phase-II(option A), with or

without a liquid argon detector, with a water Cherenkov detector, and/or detectors at various

locations off axis. We will attempt to elaborate on all of these.

• A program using a new beam-line towards DUSEL, housing a massive multipurpose detector,

either a water Cherenkov or a liquid argon detector, will be called Phase-II(option B). We

will provide information on the two DUSEL candidate sites as well as the two options for a

multipurpose detector.

Schedule: The study followed the schedule outlined in section 22. The first meeting of the

FNAL and BNL management that led to the study was held at BNL on November 14, 2005. The

charge of the workshop which defined the scope of the work was created after the meeting on March

6-7, 2006. It was decided at this meeting that since the time for the report was short, it was best

to create small subgroups to work on individual papers for the study. These papers would be

distributed to the study group as well as the NuSAG committee as they were prepared.

A set of presentations were made to the NuSAG committee on May 20, 2006. Results from

on-going work was reviewed at this meeting. We selected July 15, 2006 as a deadline for preparation

of the individual papers. Many, but not all, papers were prepared by July 15, and were distributed

by website (http://nwg.phy.bnl.gov/d̃iwan/nwg/fnal-bnl).

After discussion within the working group a single summary report (this report) was commis-

sioned. The contents of this report were reviewed by the study group on September 16-17, 2006.

The deadline for delivering this report to NuSAG is October, 2006.

3 Physics goals of a Phase-II program

There is abundant evidence that neutrinos oscillate and hence have mass [24]. Atmospheric neutri-

nos oscillate with a mass-squared difference |∆m2
31| ∼ 0.0025 eV2 and mixing angle θ23 ∼ π/4 [25]

while the corresponding parameters for solar neutrinos are ∆m2
21 ∼ 8×10−5 eV2 and θ12 ∼ π/6 [26].

The unknowns are the angle θ13 coupling the atmospheric and solar sectors, the CP-violating phase

δCP, and the sign of ∆m2
32, which fixes the hierarchy of neutrino masses. All we presently know

about θ13 is that sin2 θ13 < 0.05 at the 2σ C. L. [27]. Measurements of the unknown parameters

are the main goals of future long-baseline neutrino experiments.

Out of these measurements the study of leptonic CP violation in neutrino oscillations is of

primary importance for several reasons. First, the degree of experimental difficulty required to
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establish CP violation is demanding but doable. As such, that effort will also provide precision

measurements of all parameters of 3 generation neutrino mixing as well as a sensitive probe of

”new physics” effects from sterile neutrinos, extra dimensions, possible dark energy effects etc.

Since neutrinos only interact weakly, new physics that affects how particles interact is more likely

to be detected in the neutrino sector. Unfolding the neutrino mass ordering via matter effects should

be a straightforward byproduct. Second, CP violation has, so far, only been observed in the quark

sector of the Standard Model. Discovery in the leptonic sector should shed additional light on the

role of CP violation in Nature. Is it merely a consequence of inevitable phases in mixing parameters

or something deeper? Perhaps, most important, unveiling leptonic CP violation is a particularly

compelling goal because of its potential connection with the observed matter-antimatter asymmetry

of our Universe, a fundamental problem at the heart of our existence. The leading explanation is

currently a Leptogenesis scenario in which very heavy right-handed neutrino decays give rise to

an initial lepton number asymmetry in the very early Universe which later becomes a baryon-

antibaryon asymmetry via the B-L conserving ’t Hooft mechanism of the Standard Model at weak

scale temperatures.

Leptogenesis offers a natural, elegant explanation for the matter-antimatter asymmetry; but

it requires experimental confirmation of its various components before it can be accepted. Those

include the existence of very heavy right-handed neutrinos as well as lepton number violating

interactions and leptonic CP violation in their decays. Direct detection of those features seems very

unlikely; however, indirect connections may be established by finding lepton number violation in

neutrinoless double beta decay and CP violation in ordinary neutrino oscillations. Such discoveries

will go very far in establishing Leptogenesis as the mechanism of choice for explaining the matter-

antimatter asymmetry; since all the necessary ingredients will be in place or at least extremely

plausible. For that reason, neutrinoless double beta decay and leptonic CP violation in neutrino

oscillations are almost universally given very high priorities by the nuclear and particle physics

communities.

In addition to the above picture, precise experimental knowledge of neutrino parameters is

essential to test neutrino mass models. Specifically, the the value of θ13 and the nature of the

mass hierarchy will help distinguish between models based on lepton flavor symmetries, models

with sequential right-handed neutrino dominance and the more ambitious models based on GUT

symmetries. A recent survey of 61 models that are consistent with current oscillation data and

have concrete predictions for θ13 indicates that half of them predict sin 22θ13 > 0.015 [1]. GUT

models and models with right-handed neutrino dominance naturally yield a normal hierarchy and

a relatively large θ13 (although in some GUT models, an inverted hierarchy can be obtained with

fine-tuning). Models based on leptonic symmetries can easily accommodate an inverted hierarchy

and small θ13. Thus, experimental establishment of an inverted hierarchy and small θ13 will lend

support to models based on leptonic symmetries and reduce the interest in GUT models and
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models with right-handed neutrino dominance. On the other hand, if θ13 is found to be large,

distinguishing between the three different classes of models will be difficult. However, if in addition

to a large θ13, the hierarchy is found to be inverted, it will be possible to exclude the subclass

of SO(10) GUT models that employ so-called lopsided mass matrices because they give a normal

hierarchy. Precision measurements of deviations of θ23 from π/4 are also useful in distinguishing

between models. The deviation from maximal atmospheric mixing provides an excellent probe of

how symmetry breaking occurs in models based on leptonic symmetries.

4 Accelerator Requirements

All phases of the envisioned US neutrino accelerator program, Phase-I, Phase-II(option A), or

Phase-II(option B), require upgrades to the existing proton accelerator infrastructure in the US.

We have used beam power in the range of ∼0.5 to 2 MW for high energy protons (>30 GeV)

because this level of beam power is now considered the next frontier for current accelerator technol-

ogy [9, 10] and also necessary to obtain sufficient event rate to perform the next stage of neutrino

oscillation physics. The technical limitations arise from the need to control radiation losses, limit

the radiation exposure of ground water and other materials, and the feasibility of constructing a

target and horn system that can survive the mechanical and radiation damage due to high intensity

proton pulses [17].

We quote event rates either in units of MW × 107sec or number of protons on target (POT).

A convenient formula for conversion is below.

POT (1020) =
1000 × BeamPower(MW ) × T (107s)

1.602 × Ep(GeV )

where T is the amount of exposure time in units of 107s and Ep is the proton energy. We now

briefly summarize the understanding of high energy proton beam power at the two US accelerator

laboratories where high intensity proton synchrotrons are operational, Fermilab and Brookhaven.

FNAL Main injector (MI): Examination is currently underway to increase the total power

from the 120 GeV Main Injector (MI) complex after the Tevatron program ends [9, 11]. In this

scheme protons from the 8 GeV booster, operating at 15 Hz, will be stored in the recycler (which

becomes available after the shutdown of the Tevatron program) while the MI completes its accel-

eration cycle. Combining the techniques of momentum stacking using the antiproton accumulator

and slip-stacking using the recycler will raise the total intensity in the MI to >∼ 1 MW at 120 GeV.

In the rest of this report this will be called the accumulator upgrade (AU). In the ideal case, the

length of the acceleration cycle is proportional to the proton energy, making the average beam

power proportional to the final proton energy. However, there are fixed time intervals in the be-

ginning and the end of the acceleration cycle for stable operation. These become important at low
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to be correlated and constrained, and therefore a practical limit for a solid target with current

technology is probably between 1 and 2 MW. Nevertheless, considerable work is needed to achieve

a practical design for such a high power solid target and its integration into a focusing horn system.

Above 2 MW, liquid targets are likely the better choice, but these devices will require considerable

R&D and testing before they can be considered practical.

Target R&D which includes understanding of materials as well as engineering issues of integra-

tion is a critical item for the physics program considered in this report.

6 Neutrino beam-lines

There is currently good experience in building and operating high intensity neutrino beam-lines in

the US. The study group has found no reasons why either an old or new super neutrino beam-line

based on current technology or extensions of current technology cannot be operated for the physics

program described in this report. In the following we summarize the status of US high energy

accelerator neutrino beam-lines.

6.1 NuMI

The design and operation of the NuMI beam-line was reported in [18]. In the NuMI beam 120

GeV protons from the Main Injector, in a single turn extraction of ∼ 10µs duration every ∼ 2sec,

are targeted onto a ∼ 94cm long graphite target. Conventional 2 horn system is used to charge

select and focus the meson beam into a 675 m long, 2 meter diameter evacuated decay tunnel. The

NuMI beam-line is built starting at a depth of ∼ 50m and is aimed at a downwards angle of 3.3

deg towards the MINOS detector in Minnesota at a distance of 735 km from the production target.

The flux of the resulting neutrino beam is well known and will be described in a separate section

below.

NuMI beam transport, target, horns, and shielding were designed for operation with 4 ×

1013protons/pulse with a beam power of 400 kW. The goal is to average 3.7 × 1020protons/year.

The first year run of NuMI achieved typical beam intensities of 2.5×1013protons/pulse or 200 kW.

The total integrated exposure was 1.4 × 1020 protons on target for the period from March 2005 to

March 2006. A number of technical problems were encountered a solved during this time: at the

start of the run the cooling water line to the target failed, one of the horns had a ground fault, and

most notably a detailed study of the tritium production from the beam-line had to be carried out.

Various monitoring systems as well systems to collect tritiated water were installed to eliminate

the amount of tritium going into cooling water and the environment. The experience gained from

NuMI operations is indeed invaluable for future operation of neutrino beams.

NuMI beamline was built at a total cost of $109M (TEC). The construction time was approxi-

mately ∼5 yrs. The beam-line became operation in March of 2005. Upgrade and operation of the
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7 Detector Requirements

The detector requirements for a detector in a beam towards DUSEL and a detector in the NuMI

offaxis beam are quite different. Although the physics goal of measuring θ13, mass hierarchy, and,

above all, CP violation is the same, the obstacles to obtain sufficient sensitivity to this physics are

very different for the two techniques. We will describe the understanding reached in the process of

this study here.

Both techniques are attempting to obtain sensitivity to CP violation in the neutrino sector by

collecting sufficient numbers of νµ → νe appearance events at a minimum of two oscillation maxima.

By obtaining appearance events at difference oscillation phases and energy, matter effects and CP

effects can be disentangled to measure oscillation parameters without correlations or ambiguities.

Regardless of technique the most important experimental parameter is the numbers of events at

or near the oscillation peaks. The numbers of events in either technique are roughly proportional

to the exposure defined as the beam power in MW (at some chosen proton energy) times the total

detector size in kTon times the running time in units of 107 sec. We will set 2000MW×kT(107)sec

as the target for exposure in each charge mode (ν or ν̄) in both case. As pointed out in section 4,

accelerator power of ∼ 1 MW can be obtained and handled with current technology; this sets the

scale for the detector size and running times.

Offaxis: In the offaxis technique, at least two large detectors are needed at two different

locations. On the NuMI beam-line, the places considered for the placement of these detectors are:

1) baseline length of 810 km and off-axis distance of 12 km, 2) baseline length of 810 km and

off-axis distance of 40 km. At a length of 810 km (which is close to the maximum possible on the

NuMI baseline), the first and second oscillation maxima for the physics under consideration are

at neutrino energy of 1.64 GeV and 0.54 GeV, respectively. The off-axis distances were chosen to

obtain a narrow band neutrino beam at or near these oscillation maxima. These spectra and the

event rates can be seen in [16].

Shorter baseline lengths for NuMI off-axis detectors have been considered in the literature [8].

We have commented on this approach as part of the answers to questions in appendix (A). We will

not consider this approach here because of the practical difficulties noted.

The main detector requirements for off-axis detectors are:

• Size: To approach the exposure criteria of 2000MW×kT(107)sec over the course of 5 yrs, the

fiducial mass of the detectors at the first and second oscillation maxima needs to be ∼ 200 kT.

With 100 kT at the first location (12 km off-axis) and 100kT at the second location (40km

off-axis), the total yearly (107 sec) charged current event rate in the absence of oscillations

at the two locations will be 9400, and 446, respectively.

• Cosmic ray rejection: Off-axis detectors will likely be on the surface or have a small amount
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offaxs

of overburden. As pointed out in section 10 a surface detector needs to a) have sufficiently

data acquisition bandwidth to collect all events near the beam spill time, b) eliminate cosmic

ray tracks so that the beam events can remain pure, c) tag events due to cosmic rays so that

no cosmic ray induced events mimic an in-time beam event. These requirements force surface

detector to be a segmented detector with active cosmic ray veto shielding.

• Background rejection: There are two contributions to the background from the neutrino beam:

neutral current events as well as contamination of electron neutrino events. The narrow band

nature of the neutrino beam is important for rejection of both of these backgrounds. The

neutral current events which tend to have a falling energy distribution can come from both

the main peak of the neutrino spectrum and the tails. In the case of location (2) the large

kaon peak will contribute background. The νe contamination has a broad distribution for

both off-axis locations [16]. To use the narrow band nature of the beam effectively to suppress

backgrounds, the detector must have the capability to measure neutrino energy (total charged

current event energy) with good resolution, which is approximately the same as the width of

the narrow band beam. It should also be able to reject π0 or photon induced showers.

Detectors at DUSEL: The possible sites for DUSEL are 1290 (Homestake) and 1495 (hen-

derson) km apart. The first and second oscillation maxima for 1290 km are at 2.6 GeV, and 0.87

GeV; for 1495 km, they are at 3.0 GeV and 1.0 GeV. A new wide band neutrino beam at 0 deg.

has been simulated [15] to show that a spectrum could be made to cover these energies; the critical

parameter in the flux at low energies will be the decay tunnel diameter which must be kept to

be ∼ 4m. The beam-line could be operated at any energy between 30 to 120 GeV proton energy.

For higher proton energies work is in progress to remove high energy neutrinos (> 4GeV ) that

might produce background. The beam-line could also be operated at a slight off-axis angle if the

background can be shown to be lower. For the purposes of setting broad detector requirements we

will assume that the spectrum produced by 40 − 60 GeV protons as shown in [15].

Detectors at DUSEL (at either Homestake or Henderson) could be placed either at the surface

or at a deep site. If placed on the surface the detector considerations would be approximately

the same as those for off-axis detectors because the primary design issue would be rejection of

cosmic ray background. The availability of deep sites at the appropriate baseline distance for large

detector are the main reason for locating the detector at DUSEL. Both Henderson and Homestake

are planning on large detector caverns at a depth of ∼ 5000 ft. We will enumerate the detector

requirements assuming this depth.

• Size: To approach the exposure criteria of 2000MW×kT(107)sec over the course of 5 yrs, the

fiducial mass of the detector needs to be ∼ 200kT . In the case of DUSEL all of this mass can

be in the same place exposed to a beam that contains both oscillation maxima. The total

13
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of overburden. As pointed out in section 10 a surface detector needs to a) have sufficiently

data acquisition bandwidth to collect all events near the beam spill time, b) eliminate cosmic

ray tracks so that the beam events can remain pure, c) tag events due to cosmic rays so that

no cosmic ray induced events mimic an in-time beam event. These requirements force surface

detector to be a segmented detector with active cosmic ray veto shielding.

• Background rejection: There are two contributions to the background from the neutrino beam:

neutral current events as well as contamination of electron neutrino events. The narrow band

nature of the neutrino beam is important for rejection of both of these backgrounds. The

neutral current events which tend to have a falling energy distribution can come from both

the main peak of the neutrino spectrum and the tails. In the case of location (2) the large

kaon peak will contribute background. The νe contamination has a broad distribution for

both off-axis locations [16]. To use the narrow band nature of the beam effectively to suppress

backgrounds, the detector must have the capability to measure neutrino energy (total charged

current event energy) with good resolution, which is approximately the same as the width of

the narrow band beam. It should also be able to reject π0 or photon induced showers.

Detectors at DUSEL: The possible sites for DUSEL are 1290 (Homestake) and 1495 (hen-

derson) km apart. The first and second oscillation maxima for 1290 km are at 2.6 GeV, and 0.87

GeV; for 1495 km, they are at 3.0 GeV and 1.0 GeV. A new wide band neutrino beam at 0 deg.

has been simulated [15] to show that a spectrum could be made to cover these energies; the critical

parameter in the flux at low energies will be the decay tunnel diameter which must be kept to

be ∼ 4m. The beam-line could be operated at any energy between 30 to 120 GeV proton energy.

For higher proton energies work is in progress to remove high energy neutrinos (> 4GeV ) that

might produce background. The beam-line could also be operated at a slight off-axis angle if the

background can be shown to be lower. For the purposes of setting broad detector requirements we

will assume that the spectrum produced by 40 − 60 GeV protons as shown in [15].

Detectors at DUSEL (at either Homestake or Henderson) could be placed either at the surface

or at a deep site. If placed on the surface the detector considerations would be approximately

the same as those for off-axis detectors because the primary design issue would be rejection of

cosmic ray background. The availability of deep sites at the appropriate baseline distance for large

detector are the main reason for locating the detector at DUSEL. Both Henderson and Homestake

are planning on large detector caverns at a depth of ∼ 5000 ft. We will enumerate the detector

requirements assuming this depth.

• Size: To approach the exposure criteria of 2000MW×kT(107)sec over the course of 5 yrs, the

fiducial mass of the detector needs to be ∼ 200kT . In the case of DUSEL all of this mass can

be in the same place exposed to a beam that contains both oscillation maxima. The total
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yearly (107 sec) charged current event rate in the absence of oscillations at 1300 km (1495 km)

will be between 20000 to 40000 events for 1 MW of running. The exact number depends on

the proton energy adapted for the running as well as the optimization of the beam spectrum.

• Cavern: Because of the size required for the detectors, a stable large cavity (or cavities) that

can house ∼ 100kT of fiducial mass will be needed. From preliminary studies it appears that

both Henderson and Homestake satisfy this criteria.

• Cosmic ray rejection: Since the cosmic ray rate at the deep sites proposed for DUSEL detectors

is very low, it will not be a major factor in detector design. A cosmic ray veto for such a

detector might be needed for physics other than accelerator neutrino physics; for example,

detection of solar neutrinos. But it is not required for the physics discussed here.

• Background rejection: There are two main contributions to the in-time background from

the beam: neutral current events, and electron neutrino contamination in the beam. It is

expected that majority of the NC background at low energies will be from single π0 events

that will have to be rejected. In the case of using a wide band beam, there are two tools for

signal extraction. Pattern recognition with good capability will be needed to reduce neutral

current, especially single π0 events. The oscillation pattern in the energy spectrum will also

be used to extract the signal. The first oscillation node, in particular, will form a peak above 2

GeV with a well known shape. To allow such a signal extraction, the detector must have good

energy resolution for neutrino energy. From the work reported here ∼ 10% energy resolution

above 0.5 GeV including Fermi motion effects will be needed.

8 Status of detector simulations

8.1 Water Cherenkov Detector

8.2 Liquid Argon Time Projection Chamber

9 Status of detector design and technology

9.1 Water Cherenkov conceptual Design

The water Cherenkov detectors discussed in this study were largely conventional based on the well

known technology developed and perfected over the last three decades. The main difference is the

factor of ∼ 10 increase in fiducial mass compared to the largest existing detector (Superkamikande).

This large increase can be accomplished either by inceasing the size of the detector or by building

several detectors (or both). The second important parameter for this detector is the number and

size of photo-multiplier tubes.
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Event rates
have ME. LE rates lower at small angles, 
double at high angles. can we have similar 
table for LE.

11.1 NuMI off-axis locations

We have calculated the neutrino flux and event rates at various off-axis distances from the NuMI

beam-line. NuMI was assumed to be configured in the medium energy (ME) beam configuration.

The details of the calculation are in [16]. Table 2 summarizes these events rates. The normalization

is per 1020 protons of 120 GeV and for 1 Kton of detector mass. There are no corrections for the

type of target nucleus in the detector. There are no efficiencies for reconstruction or fiducial cuts

in this calculation.

To convert these numbers for 100 kTon of detector and 1 MW of operation for 5 yrs at a rate

of 1.7 × 107sec/yr multiply by

100 × 5.2 × 1.7 × 5 = 4420.

For example, the total νµ CC event rate in a 100 kTon detector without oscillations at 40 km off

axis can be calculated to be 0.86 × 4420 = 3801. This event count includes events from both the

pion and the kaon peaks at about 0.5 and 4 GeV, respectively.

km o.a. νµ CC νµ CC osc νe CC beam νe QE beam NC-1π0 νµ → νe CC numunue QE

0 248.0 225.0 1.80 0.0914 6.96 1.40 0.188

6 71.6 47.0 1.068 0.0770 3.194 0.879 0.171

12 18.1 7.33 0.443 0.0485 1.168 0.305 0.099

30 1.84 1.12 0.0730 0.0152 0.135 0.0216 0.0108

40 0.860 0.479 0.0378 0.0097 0.0605 0.0121 0.0057

Table 2: Summary of event rates per-kTon per-1020 PoT for detectors placed 810 km from the

target and various distances off-axis (o.a.).

11.2 Wide band beam towards DUSEL
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13 Sensitivity to non-accelerator physics
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Table 3: Signal and background interaction rates at 1300 Km on-axis (Fermilab-HOMESTAKE)

using different WBLE beam energies integrated over the neutrino energy range of 0 - 20 GeV.

Rates are given per 1020 POT per kT. For νµ → νe oscillations a value of sin 22θ13 = 0.04 and

∆m231 = 2.5 × 10−3 eV2 is used. These numbers are for a decay pipe 2m in radius and 380m in

length. No detector model is used.

Beam νµ CC νµ CC osc νe CC beam νe QE beam NC-1π0 νµ → νe CC νµ → νe QE

WBLE 120 GeV 39.0 26.0 0.427 0.030 1.624 0.566 0.105

WBLE 60 GeV 15.1 7.4 0.099 0.012 0.722 0.250 0.052

WBLE 40 GeV 7.28 3.02 0.042 0.007 0.403 0.134 0.031

17 Appendix A: Answers to questions raised by NUSAG

1. Noting the existence of discrepant sensitivity calculations even for the same detec-

tor, it would be most useful to have any such calculations performed with consistent

assumptions and methodologies.

a) Fixed, common, stated values of the mixing parameters not explicitly under

study.

b) Common, stated and plotted, cross sections vs. En. Common, stated nuclear

models.

c) Stated assumptions about energy resolution, background rejection.

d) If appropriate, common total p.o.t. If sensible, use a common proton energy

and anti-nu running fraction. If not, state the optima chosen.

e) What methods are used to extract the oscillation parameters from the final event

sample (counting? fitting the spectrum?)

f) Standardized, stated method for defining sensitivity.

2. Give sufficient detail in tables and/or plots to allow a reader to understand how

the numbers for rates or sensitivities are obtained. We would expect that many of

the results would be easily accessible to a physicist with a calculator. Here are some

useful inputs that come to mind (meant as a guide only):

a) Specify the signal channel(s). (We will assume here that it is quasi-elastic.) b)

What simple cuts (energy, etc.), if any, do you apply?

c) The number of INTRINSIC νe events reconstructed as signal, and their recon-

structed energy spectrum (in reconstructed Enu(QE) or Evis, or Ee, or whatever you’ll

use.)
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Table 3: Signal and background interaction rates at 1300 Km on-axis (Fermilab-HOMESTAKE)

using different WBLE beam energies integrated over the neutrino energy range of 0 - 20 GeV.

Rates are given per 1020 POT per kT. For νµ → νe oscillations a value of sin 22θ13 = 0.04 and

∆m231 = 2.5 × 10−3 eV2 is used. These numbers are for a decay pipe 2m in radius and 380m in

length. No detector model is used.

Beam νµ CC νµ CC osc νe CC beam νe QE beam NC-1π0 νµ → νe CC νµ → νe QE

WBLE 120 GeV 39.0 26.0 0.427 0.030 1.624 0.566 0.105

WBLE 60 GeV 15.1 7.4 0.099 0.012 0.722 0.250 0.052

WBLE 40 GeV 7.28 3.02 0.042 0.007 0.403 0.134 0.031

17 Appendix A: Answers to questions raised by NUSAG
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d) What is the purity of the QE selection, that is, for true νe events, what fraction

of those selected as QE are actually QE (as a function of E)?

e) The total number of NC π0 events, and spectra vs. true Enu and π0 momentum.

f) The number of NC π0 events reconstructed as signal, and their reconstructed

energy spectrum. What is the true Enu spectrum for the NC pi0 events reconstructed

as signal?

g) The NC π0 rejection assumed, as a function of... (π0 momentum?)

h) The assumed systematic errors on each of the backgrounds, with any relevant

dependence on energy. How are these estimates arrived at?

i) The assumed signal efficiency as a function of energy. How are these estimates

arrived at?

j) Provide tables and spectra (vs. true and reconstructed Eν) giving the initial

population of events, before cuts, by process (QE, CCpi+, DIS,...), how these num-

bers diminish as the cuts are applied, and in the final sample at the various oscillation

parameter test points. An entry at the 3-s sensitivity limit would be informative.

Scatter-plots of reconstructed vs. true En for individual signal and background chan-

nels may be informative.

3. Specify the level of simulation that goes into your currently-generated sensitivity

estimates. For example:

a) How is energy resolution treated? Give a plot of the assumed energy resolution

(electron energy and neutrino energy) vs. energy.

b) How is the selection of QE events treated?

c) How is the rejection of pi0’s modeled?

4. What near detector location/size/technology/performance/cost is assumed/needed

to achieve the assumed systematic errors?

5. If possible, for comparison purposes, use the same methodologies to make par-

allel sensitivity estimates for NoVA (single detector) and T2K. What sensitivity for

NoVA do you calculate for the same number of p.o.t. assumed in question 1?

6. All sensitivity calculations for off-axis configurations must include events from

neutrinos in the high-energy peak from kaon decay.

7. What detector technologies are still worth pursuing for a 2nd off-axis detector

– Liquid scintillator? Water Cerenkov? Liquid Argon? Other?

8. There were several references to the possibility of a detector at ∼250 km in the

NuMI beam. Is this being pursued by the Working Group? What are the general

properties of this approach?

Shorter baseline lengths for NuMI offaxis detectors have been considered in the literature [8].

For example, for a baseline of 250 km, the first and second oscillation maxima are at 0.50 GeV
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d) What is the purity of the QE selection, that is, for true νe events, what fraction

of those selected as QE are actually QE (as a function of E)?
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19and 0.17 GeV, respectively. There are two reasons for considering shorter baselines: small matter

effects and larger numbers of events because of the closer distance. This solution, however has

several difficulties. The main ones are: i) The low energies needed forces us to consider large

offaxis angles (> 40mrad) where the flux of neutrinos is rather poor and the contamination from

high energy neutrinos from kaon decay large. This largely negates the advantages of the larger

flux because of the closer distance. The event rate can be easily obtained from [16] by scaling. ii)

Natural choice for a detector at these energies is a water Cherenkov counter. Since most of the

events at these energies are quasielastics for which a water Cherenkov detector has good efficiency,

little is gained by utilizing a liquid argon TPC. The water cherenkov detectors needed are too large

for operation on the surface as explained in section 10. iii) Lastly, an experiment with almost

identical parameters is already being carried out in Japan (T2K). Combining the results of T2K

and Phase-I of the US program is a subject of various reviews[7].

9. Provide cost and schedule estimates for the same fiducial mass and PMT cover-

age/channel count used for sensitivity estimates. (We realize that fiducial/total mass

ratios may be hard to estimate, but the assumptions should be stated.)

We hope that the committee understands that the work reported in this study was carried out

in parallel in a very short period of time. In addition, members of the study group are considering

several options for detector sites and design. Therefore it is difficult to obtain complete consistency

in the assumptions that went into simulations versus detector design and cost estimates, etc. Ob-

viously we will do the best we can to point out the various points of departure and will depend on

good judgment.

The design and cost for a detector in the Henderson laboratory were provided in the presentation

of Prof. Chang kee Jung at [23]. The fiducial volume for UNO was quoted to be 440 kT at a

preliminary cost of $437M.

A conceptual detector design for 300 kT for Homestake was presented to the committee in [14].

The authors of that report provided the following answer for their choices.

“A single 100 kiloton module will have a cylindrical fiducial volume with a diameter of 50

meters and a height of 50 meters. The PMTs on the vertical face of the cylinder will have their

photo-cathodes on the surface of a 52 meter diameter cylinder. The top and bottom PMTs will

be separated by 52 meters. This layout defines a fiducial volume that begins 1 meter inside the

PMT photo-cathode surface. In addition, there will be 0.5 meter veto region surrounding the entire

detector so that the chamber walls will be on a 53 meter diameter cylinder.

Our budget estimate for the excavation of the detector chamber was based on a 50 meter

diameter by 50 meter high cylinder. The change from 50 meter to 53 meters involves a volume

increase of 18% and a surface area increase of 12%. Although our budget breakdown details permit

us to apply the above scale factors to each of the volume and surface area budget items, we decided,

for this answer to merely use an average cost increase of 15%. When applied to a single module,
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the construction cost increases by $4.4 million from $29.1 million to $33.5 million. Note, that these

numbers include a contingency of 30%. The total single 100 kiloton detector cost increases from

$116.6 million to $121 million, an increase of 3.6%.

Similarly, when this cost increase factor is applied to three detectors, the three chamber cost

increases from $66.1 million to $76 million and the total three detector cost increases from $308.9

million to $318.8 million.

In the above we not included the effect of moving the PMTs from the original 50 meter diameter

cylinder to a 52 meter diameter cylinder, a surface area increase of 8%. If apply this factor to the

previously assumed PMT and associated electronics cost of $62.1 million this creates another $5

million increase per 100 kiloton detector. The final cost including all contingencies is then $126

million for a single 100 kiloton detector and $323.8 million for three such detectors.

We repeat that the total increase is less than 10% for budget that has a contingency of about

34%.

Finally, the simulations for the background estimates were reported in the report [41]. They

were performed with the exact geometry of the SuperK detector (with 40% PMT coverage using

20inch diameter tubes). The Homestake detector cost is for 11 inch tubes and 25% coverage. We

expect that with a larger detector and far larger granularity, the background rejection will get better

requiring less total coverage, nevertheless we understand that this will have to be demonstrated

with detailed simulations for which we would like to ask for substantial R&D funds. “

10. For the modular water Cerenkov approach, are you defining 3 modules as your

baseline detector?

The authors of report [14] reply:

“Yes, there are three main reasons we believe 3 modules is an optimum choice to start with.

First, because of the longer running times possible at FNAL it appears that a 300 kT fiducial mass

is sufficient to reach the desired sensitivity for neutrino oscillations. Second, it is clear that for

proton decay searches a larger detector is needed, but for current background projections a few

background events are expected in favored decay modes after exposure of 1 MT-yr. We believe that

proton decay searches will benefit from further detector and analysis improvements after reaching

this level of sensitivity. Any modules built after the first 3 modules will benefit from this knowledge.

Third, there is considerable cost saving by starting the simultaneous construction of 3 cavities in the

region of relatively well-known Homestake rock near the Ray Davis Chlorine chamber as explained

in [14]. “

11. For the water Cerenkov counters, we will be eager to hear of progress in

algorithms for rejecting π0s (and the testing of them). What is the increase in π0

rejection over that achieved by Super-K (as a function of π0 energy) assumed in your

current calculations? What have you reached with your own simulations/algorithms?

Describe briefly the algorithmic improvements. Does this rejection depend more on
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21total photo-cathode coverage, or on granularity?

12. Though the worldwide community of proponents of large water Cerenkov

detectors seems to cooperate in simulations, algorithms, etc., we do not see evidence

that there is any global planning (site-independent design studies or physics programs,

etc.) underway for such a detector. Please comment.

For Liquid Argon:

13. NuSAG recommends that the Liquid Argon group reweight its emphasis from

sensitivity/reconstruction/pattern recognition to hardware issues and cost estimates.

We realize that a full switch cannot occur if the LAr group is a big part of the more

generic off-axis calculations in the Working Group, but, for example, LAr-specific

reconstruction and particle ID algorithms seem less pressing than technical feasibility.

14. What has actually been measured on purity of the Ar in a tank made with

industrial technology? If not yet tried, when will the first tests be?

15. When do you expect to have tried 3-m drifts and long wires in the US? What

effect will the capacitance of very long wires have on electronic noise?

16. What are the R&D milestones, with an estimated schedule, that would lead to

a first realistic cost estimate for a detector of the 2nd-off-axis or wide-band class?
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results/conclusions
Accelerator/beam requirements understood and achievable. 
Already being planned at FNAL for Phase I.  (make more 
robust, and positive, MD’s job) 

Need water cherenkov  detector of size 300 kT no matter 
where the experiment is done. Water Cherenkov is an 
established technology.  Signal extraction and  background 
rejection are understood but not full optimized. Key issues 
for increasing the size and locating it at DUSEL have been 
identified.

High signal efficiency and excellent background rejection in a 
LARTPC allows  the size of the detector to be smaller by a 
factor of 3.   Key technical issues have been identified and a 
development path towards massive detectors has been laid 
out. 



results/conclusions

Surface operation of the proposed massive 
detectors has been examined. Water 
Cherenkov detectors are suitable for deep 
underground operation. Surface or near 
surface operation of liquid argon TPCs 
requires that adequate rejection of cosmic 
rays be demonstrated.   



results/conclusion
For an offaxis program, baselines of about 800 km and offaxis angles of 10-40 
mrad were considered for CP violation physics. Since the detector location is on 
the surface the best choice is a LARTPC.   For ? kT of fiducial mass and ? amount 
of exposure, CP violation can be established in ? region. 

For a wideband program to DUSEL (either at Henderson (1497 km) or Homestake 
(1300km) ),  two choices for detector technology were considered: a deep sited 
300 kT water Cherenkov detector or a 100 kT LARTPC (which may be located 
either on the surface or underground).  These have equivalent sensitivity for CP 
violation after ? exposure. CP violation can be establlished in ? region.  

The sensitivity calculations include correlations, degeneracies, and parameter 
sensitivity. The wideband program has robust sensitivity against changes in 
the input parameters.  The offaxis program parameter sensitivity is ?

Baselines shorter than 500 km from FNAL have severe technical limitations for 
performing the CP violation science because of the low energy of the oscillated 
events and surface location of the massive detectors.  

These massive detectors have the potential to provide a rich long term  physics 
program such as nucleon decay, supernova and other astrophysical neutrinos 
beyond accelerator neutrino physics.



results/conclusions
The timelines we describe are technically 
driven only. 

sNUMI timeline (Alberto gives sentences) 

Beam to DUSEL timeline(Dixon/Rameika) 

water Cherenkov timeline (two options, 
homestake,  henderson, MD)  

LARTPC detector surface timeline (Dave 
Finley/Bonnie)   

LARTPC detector underground timeline 
(Finley/bonnie)



Sensitivity plots
Maury Goodman brought up the point of 
making sure we show sensitivity plots for 
3 cases in the report

The Wideband to DUSEL approach,

Running of Phase-I (just NOVA) with 1.1 
MW, 5 yrs (NUSAG wants this anyway) 

Running of NOVA-II.

Therefore we collected plots that we 
know and placed them on the next few 
pages.



FNAL-to-DUSEL



th13 for NOVA alone



mass hierachy for NOVA
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How would that picture look like with

• Liquid Argon

• 2nd peak in the OA spectrum
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nu only running
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